RESUMO -Neosartorya fischeri is a heat resistant fungi able to grow in fruit juice and a potential mycotoxins and pectinolytic enzymes producer. The temperature is one of the most important factors affecting the fungal growth kinetics during food distribution and storage. The objective of this study was predicting N. fischeri growth under non-isothermal conditions and validating the predictions with experimental data. The growth curves of N. fischeri were described by the Baranyi and Roberts model, and the dependence of the model parameters with the temperature was described with the square root and logarithmic models. The prediction of N. fischeri growth was performed for two different non-isothermal profiles. In the first profile, temperature changed between 10 and 20 ºC, every 24 hours; in the second profile temperature of incubation changed from 20 ºC to 30 °C after 170 hours, keeping this temperature until the fungal diameter reached the entire plate. The results showed that the mathematical model was able to predict the growth of N. fischeri for the two experiments performed, which was confirmed by the statistical indexes bias and accuracy factors, R 2 and RMSE. This work can contribute to the juice processing industry because conditions that prevent the growth of microorganisms in apple juice incidents can be established from the data obtained.
INTRODUCTION
Some species of fungi have characteristics that make them more heat resistant due to their ability to produce ascospores. Species like Neosartorya, commonly found in fruit products, are described as producers of mycotoxins (Sant'Ana et al., 2009) . In this way, this mold growth is important not only related to food spoilage but also to food safety aspects.
Predictive mathematical models have been used to predict the microbial growth due to intrinsic or extrinsic factors such as temperature, pH, water activity, packaging conditions (Zwietering et al., 1990; Whiting and Buchanan, 1993) . Many mathematical models are based on experimental data of microbial growth under constant environmental conditions. However, conditions such as temperature, water activity or gaseous atmosphere composition are not always constant during storage. Therefore, in recent years, literature has reported many studies on dynamic models, which are used to predict the microbial growth under varying conditions of storage, particularly non-isothermal conditions (Peleg, 2006; Gospavic et al., 2008; Longhi et al., 2013; Silva et al., 2013) .
The temperature is an important factor in food spoilage and safety, especially microbial spoilage, because the maximum growth rate and adaptation time are highly temperature dependent (Giannuzzi et al., 1998; Mataragas et al., 2006) . Besides, the temperature fluctuations are often found during distribution and storage of food products (Giannakourou et al., 2005; Koutsoumanis, 2001; Laguerre et al., 2002) .
A mathematical model to predict microbial growth in food under non-isothermal conditions can be set in two steps. First, the growth parameters are obtained from fitting the primary models to experimental data obtained under different isothermal conditions. Second, the influence of temperature on growth parameters is described by the secondary models (Whiting and Buchanan, 1993) . Finally, the prediction of the microbial growth under non-isothermal conditions can be obtained considering the established mathematical models and the non-isothermal temperature profile (Baranyi and Roberts, 1994) . However, in this case the primary models need to be rewritten in the differential form, since temperature changes over time.
Some different mathematical models have been proposed to predict the microbial growth in foods under non-isothermal conditions and validated with experimental data of different microbial species, such as the Gompertz model (Van Impe et al., 1995; Gospavic et al., 2008; Huang, 2003) , the modified Logistic (Corradini and Peleg, 2005; Smith-Simpson et al., 2007) and the Baranyi and Roberts (Baranyi and Roberts, 1994; Mataragas et al., 2006; Velugoti et al., 2010) .
Several studies concerning the fungal growth under isothermal conditions and the bacterial growth under isothermal and non-isothermal conditions have been published in the literature (Gougouli et al., 2008; Koutsoumanis, 2001; Koutsoumanis et al., 2006; Mellefont and Ross, 2003; Zwietering et al., 1994) . However, reports on fungal growth under non-isothermal conditions are scarce (Gougouli and Koutsoumanis, 2010; Silva et al., 2013) .
The objective of this study was to establish a mathematical model to predict the growth of N. fischeri under non-isothermal conditions and to validate the model established with the experimental data obtained in two different temperature profiles.
MATERIAL AND METHODS

Microorganisms, preparation and quantification of spore suspension
N. fischeri was isolated and identified in samples taken from apple nectar processing line by Salomão (2002) . The preparation of N. fischeri suspensions and the spore suspension quantification were performed according to Tremarin (2013) . The prepared solutions were activated by inserting the tubes into a thermostatic bath (Tecnal-TE-184, Brazil) at 80 °C for 10 minutes, and then immediately placed in an ice bath to halt the dormancy of the spores.
Growth medium and inoculation
Diluted apple juice was prepared from clarified and concentrated apple juice (free of chemical preservatives, 70 °Brix) supplied by Fischer S/A, Videira-SC-Brazil. Juice's pH was adjusted to 3.8 by adding sodium hydroxide (1 mol L -1 ) or hydrochloric acid 1 (1 mol L -1 ) solutions. Soluble solids content was adjusted to 12 °Brix (refractometer AR200 Reichert, USA) by dilution with distilled water. A hygrometer (Aqua Lab Model Series Models 3TE, Decagon Devices, USA) was used to measure the juice's water activity (a w ), that was equal to 0.99 for diluted apple juice. The growth medium was prepared with 100 ml of the formulated juice plus 1.5 g agar. The mixture was heated, maintained at 115 °C for 1 min and the growth medium was then placed in Petri dishes (150 mm diameter).
The plates containing solidified apple juice were individually inoculated in a laminar flow chamber by depositing a loopful of the microorganisms' suspension (10 5 espores.mL -1 ) in the center of each plate. Next, the plates were wrapped in plastic film and incubated at different temperature profiles until the fungi reached the entire plate.
Measurements of the colony diameter
Experimental data were obtained by averaging the measurements of colonies of eight different plates at four different positions in each plate. The reverse sides of the colonies were measured daily with a ruler (± 0.5 mm), resulting in the kinetics of the colony diameter (mm) over time (h). The plating of diluted apple juice with agar and without inoculum was performed at each incubation to verify whether the medium was contamination-free.
Growth kinetics of N. fischeri
The experiments were performed for two different temperature profiles. In the first temperature profile, the plates were incubated at 20 ºC for 24 hours, and then remained at 10 ºC for 24 hours, and so on, until the colony reached the entire plate. In the second temperature profile, the plates were incubated at 20 ºC for 170 hours and subsequently at 30 ºC until the colony reached the entire plate. The temperature during all experiments was monitored and recorded every 10 minutes by electronic data loggers (Testo 174, Lenzkirch, Germany).
Modeling the fungal growth under non-isothermal conditions
The simplified version (without stationary growth phase) of the primary model of Baranyi and Roberts (1994) , Equation (1), with the secondary model of Ratkowsky et al. (1982) , Equations (2) and (3), were used to predict the growth of N. fischeri under non-isothermal conditions. In the Equations (1), (2) ] is the maximum growth rate. The Equations (2) and (3) describe the dependence of μ max and λ parameters with the temperature (T) [°C] , and thus, these parameters are temperature dependent (T(t)). The coefficients of the Equations (2) and (3) were obtained in previous studies in the laboratory from isothermal growth curves of N. fischeri at 10, 15, 20, 25 and 30 °C.
The predictions of the fungal growth under non-isothermal conditions were obtained using the Equations (1), (2) and (3), and the temperature profiles. The Matlab 7.10 software was used to solve numerically the equations using an ODE procedure (function ode23).
Statistical analysis and model validation
The Root Mean Square Error (RMSE), the coefficient of determination (R 2 ), and the bias and accuracy factors (Ross, 1996) were used to assess the ability of the mathematical models to predict the experimental data, presented in Table 1 . Table 1 -Statistical indices to assess the ability of the mathematical models to predict the experimental data. The model validation consisted in comparing the growth curves predicted by the mathematical models and the growth data obtained experimentally. Good predictions and model validation were obtained when RMSE values were small (almost zero), and R 2 , bias and accuracy factors were close to 1. Figures 1 and 2 show the growth curves of N. fischeri predicted by the mathematical models (Equations (1), (2) and (3)), the growth kinetics obtained experimentally and the corresponding temperature profiles to each experiment for the first and second temperature profiles, respectively.
Statistical indices Equation
RESULTS AND DISCUSSION
It can be observed in Figures 1 and 2 that the mathematical model overpredicted the experimental data for both temperature profiles. One reason for these overpredictions may be the abrupt variations in temperature, which probably cause an adaptation time rise of the microorganisms to the new temperatures, and this phenomenon cannot be predicted by the current mathematical model. Table 2 shows the results of the statistical analysis (R 2 , RMSE, bias and accuracy factor) of the model predictions, in which the growth predicted by the mathematical model was compared to the experimental data. It can be observed that the bias factors were greater than one for both temperature profiles, which indicates that the model predictions are safe, i.e., the fungal growth predicted by the model was larger than the growth observed experimentally. The worst results were to the temperature profile 20-30 °C, in which R 2 = 0.93 and RMSE = 24,11 mm.
The values of the other statistical indexes (R 2 , RMSE and accuracy factor) of the model predictions showed that the mathematical model predicted satisfactorily the experimental growth curves. The values of R 2 were higher than 0.931, the values of RMSE were lower than 24.11, and the values of accuracy factor were lower than 1.389. According to Corradini and Peleg (2005) , the quality of the predictions of the non-isothermal model depends on the quality of the isothermal growth data, on the number of examined temperatures, and on the intervals between these temperatures. These authors stated that if the secondary models describe well the dependence of the growth parameters in relation to the temperature, then the non-isothermal model is able to predict microbial growth quite accurately, as can be observed in this study. Silva et al. (2013) studied the effects of flow velocity of the cooling air and the initial temperature of the product to the time to deterioration of papaya pulp by Byssochlamys fulva. These authors evaluated the performance of a non-isothermal model based on Gompertz model to predict the growth behavior of B. fulva under conditions of temperature fluctuation using three temperature profiles ranging from 15 to 35 ° C. As observed in the present study, the results showed that the model used generally presented great ability to predict the fungal growth under non-isothermal conditions, and satisfactory results were obtained when shifts in temperature occur.
Similar results were also reported by Gougouli and Koutsoumanis (2010) , who studied Penicillium expansum and Aspergillus niger growth. The two phase linear model was used by the authors, which also overestimated the fungal growth when there was great fluctuation of temperature. As observed in the present study, these authors observed that conditions of cold shock can induce a tension during the fungal growth, and this phenomenon interfere in the growth behavior, generating fail predictions.
In many studies in the literature, the fungal growth have been evaluated in culture medium, and these results can be effectively used to understand the behavior of the microorganisms in food products (Gougouli et al., 2008) . In this work, the growth kinetics of N. fischeri was evaluated in solidified apple juice, which represents a scarce result in the literature.
CONCLUSIONS
The primary model of Baranyi and Roberts, with the square root (for μ max parameter) and the logarithmic (for λ parameter) secondary models were used to establish a mathematical model for predicting growth of N. fischeri in solidified apple juice assessed by measuring the colony diameter. The results showed that the fungal growth observed experimentally was overpredicted by the mathematical model, indicating fail safe predictions. However, the results of the model prediction were satisfactory, since the additional adaptation time caused by the abrupt variations in temperature are difficult to predict. The incorporation of complex mechanisms of microbial adaptation to predictive models is a challenge faced by the researchers.
